Though the power conversion efficiencies (PCEs) of organic solar cells (OSCs) have been boosted to 12%, the use of highly pollutive halogenated solvents as the processing solvent significantly hinders the mass production of OSCs. It is thus necessary to achieve high-efficiency OSCs by utilizing the halogen-free and environmentally-friendly solvents. Herein, we applied a halogen-free solvent system (oxylene/1-phenylnaphthalene, XY/PN) for fabricating fullerene-free OSCs, and a high PCE of 11.6% with a notable fill factor (FF) of 72% was achieved based on the PBDB-T:IT-M blend, which is among the top efficiencies of halogen-free solvent processed OSCs. In addition, the influence of different halogen-free solvent additives on the blend morphology and device performance metrics was studied by synchrotron-based tools and other complementary methods. Morphological results indicate the highly ordered molecular packing and highest average domain purity obtained in the blend films prepared by using XY/PN co-solvent are favorable for achieving increased FFs and thus higher PCEs in the devices. Moreover, a lower interaction parameter (χ) of the IT-M:PN pair provides a good explanation for the more favorable morphology and performance in devices with PN as the solvent additive, relative to those with diphenyl ether and Nmethylpyrrolidone. Our study demonstrates that carefully screening the non-halogenated solvent additive plays a vital role in realizing the efficient and environmentally-friendly solvent processed OSCs.
INTRODUCTION
Solution-processable organic semiconductors enable the fabrication of low-cost and flexible electronic devices, such as solar cells, transistors, and light-emitting diodes [1] [2] [3] [4] [5] [6] . It is generally known that the high-performance semiconductive materials typically possess planar and rigid conjugated backbones for getting strong intermolecular π-π interaction and flexible non-conjugated substituents for improving solubility [7] . Therefore, these materials usually exhibit good solubility in solvents with strong solvation effects [8, 9] . Halogenated solvents, like chloroform (CF), chlorobenzene (CB), are regarded as a series of most commonly used processing solvents for fabricating organic electronic devices [10] [11] [12] [13] . However, the pollution caused by the halogenated solvents becomes one of the main obstacles for further large-area device fabrication. Hence, it is of great necessity to remove the halogenated solvents from the fabrication processes. Although the halogen-free solvents are applicable to several polymers in previous reports [14] [15] [16] , most results obtained from nonhalogenated solvent processing are not as high as that those from the halogenated solvent processing. Therefore, achieving high-performance devices using halogen-free solvent systems is still a big challenge in the organic solar cell (OSC) field.
Bulk heterojunction (BHJ) OSC, comprising a p-type semiconductor as the electron donor and an n-type semiconductor as the electron acceptor has been developed rapidly over the years [2, 7, 9, [17] [18] [19] . Great efforts have been made to improve the power conversion effi-ciencies (PCEs) of OSCs by utilizing novel materials and new processing methods over the past decades [1, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Recently, high-performance non-fullerene acceptor materials, especially the small-molecular acceptors (SMAs), were successfully developed [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . These SMAs materials exhibit excellent solubility in non-halogen solvents, such as o-xylene (XY), anisole and tetrahydrofuran (THF) [46] , which have brought the possibility of fabricating high-performance non-fullerene OSCs using non-halogen solvent systems. Although a few groups have reported the application of a particular halogen-free system in processing nonfullerene OSCs before [47] [48] [49] , the relationships between morphological properties and photovoltaic parameters of the representative non-fullerene OSCs processed by various non-halogen solvent systems have not been well established yet.
In the fabrication of BHJ OSCs, both the donor and acceptor materials should have good solubility in the host solvent, while the solvent additives are often used to finetune the morphological properties of the BHJ blend films. Though a large number of studies have been devoted to optimizing the fullerene-based blend morphologies during recent years, such as finding suitable solvent additives and screening the optimal solvent additive content [50] [51] [52] , research of solvent additive utilization and efficiency is very limited for fullerene-free OSCs. For fullerene-free OSCs, the impact of solvent additives on the molecular packing of non-fullerene acceptors may differ from that of fullerene acceptors due to the totally different molecular conformation of the two. Therefore, selecting suitable solvent additives is crucial for the development of halogenfree solvents processed non-fullerene OSCs.
In this work, we attempted to investigate the effect of the halogen-free additives on screening the best processing solvent system for a photoactive layer comprising a polymer donor named as poly[(2,6-(4,8-bis(5-(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di (5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)) (PBDB-T) and a non-fullerene acceptor named as IT-M (Fig. 1) , which had demonstrated high photovoltaic performance in devices [41, 53, 54] . Prior to the device study, the solubility of PBDB-T in different halogen-free solvents, such as XY, anisole and THF, was initially tested. The results indicate that PBDB-T shows poor solubility in anisole or THF but can be easily dissolved in XY. In order to avoid using a halogenated additive to fabricate the fullerene-free OSCs, we selected three halogen-free solvents as additives, N-methylpyrrolidone (NMP), diphenyl ether (DPE) and 1-phenylnaphthalene (PN), which have been used as solvent additives in the fullerene-based OSCs [14, 55, 56] . Therefore, in this work, the fullerene-free OSCs based on PBDB-T:IT-M were fabricated with XY as the host solvent, NMP, DPE and PN were selected as the solvent additive to improve the active layer morphology, respectively. When processed by XY/PN as the processing solvent, the fullerene-free OSCs with a conventional device structure demonstrated an optimal efficiency of 11.3%, which could be improved to 11.6% by adopting the inverted device structure. How the addition of these halogen-free solvent additives affects the morphology of this model system was also explored by the use of grazing incidence wide-angle X-ray scattering (GIWAXS) and resonant soft X-ray scattering (R-SoXS).
EXPERIMENTAL SECTION
Materials PBDB-T and IT-M were synthesized in our laboratory according to the previous studies [41] . The number average molecular weight (M n ) of PBDB-T was 22 kDa with a polydispersity index (PDI) of 3.3. PFN-Br was purchased from Solarmer Materials (Beijing) Inc. The processing solvents used in the device fabrication processes were purchased from Alfa Aesar. Electrode materials were commercially available products without further purification.
Fabrication and characterization of organic solar cells
The regular OSCs were fabricated with a device architecture of ITO/PEDOT:PSS/PBDB-T:IT-M/PFN-Br/Al. Indium-tin oxide (ITO) substrates with a sheet resistance of 15 Ω sq −1 were cleaned with detergent water, deionized water, acetone and isopropyl alcohol in an ultrasonic bath sequentially for 10 minutes, and then dried in an oven at 150°C for 30 minutes. Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) (Heraeus Materials, 4083) was spin-coated on ITO, and the ITO glass substrates coated with PEDOT:PSS were transferred to nitrogen-filled glovebox after annealing at 150°C for 15 min. The concentration of PBDB-T:IT-M (1:1; w/w) in XY solution was 10 mg mL −1 for the polymer. 1 vol% of solvent additive (DPE, NMP and PN) was added into the blend solution, respectively. The thickness of PBDB-T:IT-M blend film was~100 nm. The active layer was baked at 100°C for 10 min, and then~60 μL PFN-Br at a concentration of 0.5 mg mL −1 in methanol was deposited on the active layer at 3000 rpm for 60 s. The metal electrode was deposited by thermal evaporation of Al (100 nm) through a mask with 4 mm 2 under vacuum at a pressure of 3 × 10 −4 Pa. The inverted OSCs were fabricated with a structure of ITO/ZnO/PBDB-T:IT-M/MoO 3 /Al. The ZnO precursor was prepared by dissolving zinc acetate dihydrate and ethanolamine in 2-methoxyethanol, and the ZnO precursor solution was spin-cast on the top of ITO substrates. The substrates were annealed at 200°C for 1 h [57] . The condition of blend film based on PBDB-T:IT-M in inverted OSCs is the same with that used in the conventional OSCs. The current-voltage curves of devices were measured under 100 mW cm −2 standard AM 1.5G spectrum. The spectral mismatch factor was calibrated to be unity by a National Institute of Metrology (NIM) certificated silicon reference cell with a KG3 filter [58] . All external-quantum-efficiency (EQE) curves were measured through the solar cell spectral response measurement system QE-R3011 (Enli Technology Ltd., Taiwan), which was also calibrated by monocrystalline silicon solar cell in advance.
Morphology characterizations
GIWAXS [59] and R-SoXS [60] measurements were respectively performed at the beamline 7.3.3, and beamline 11.0.1.2, advanced light source (ALS), Lawrence Berkeley National Laboratory, following the previously established protocols. GIWAXS data were acquired just above the critical angle (0.13°) of the films with a hard X-ray energy of 10 keV, and silver behenate (AgB) was used for geometry calibration. R-SoXS was performed in a transmission geometry with linearly polarized photons under high vacuum (1 × 10 −7 Torr) and a Peltier-cooled (−45°C) charge-coupled device (CCD) (Princeton PI-MTE, 2048 pixels × 2048 pixels) was used to capture the soft X-ray scattering 2D patterns.
RESULTS AND DISCUSSION

Device performance
To evaluate the photovoltaic performance of PBDB-T:IT-M-based devices processed by adding different halogenfree additives, the OSC devices (Fig. 1c) with a conventional configuration of ITO/PEDOT:PSS/PBDB-T:IT-M/ PFN-Br/Al were fabricated, and the PEDOT:PSS and PFNBr were utilized as the p-type and n-type interlayers, respectively [61] . The weight ratio of PBDB-T and IT-M maintains at 1:1 and the thickness of the active layers is kept at around 100 nm by referring our recent studies [41, 54] . Fig. 2a shows the current density-voltage (J-V) characteristics of the optimal devices fabricated using different solvent systems and the corresponding parameters are listed in Table 1 .
The device fabricated using neat XY as the processing solvent exhibits an open-circuit voltage (V oc ) of 0.940 V, a short-circuit current density (J sc ) of 16.3 mA cm , a fill factor (FF) of 0.543 and a PCE of 8.32%, which is much lower than those of the devices fabricated by the CB/DIO combination in our recent work [41, 54] . When a trace amount (1%, v/v) of DPE or NMP is added as the solvent additive, the J sc is slightly increased, while the FF is in-creased to 0.603 and 0.657, respectively, hence the PCE can be improved to 9.39% and 10.5%, respectively. When 1% (vol) PN was used as the additive, a high PCE of 11.3% can be achieved, with a V oc of 0.948 V, a J sc of 17.0 mA cm −2 , and a notable FF of 0.703, which is almost close to the PCEs of the CB/1% (vol) DIO processed devices. Fig. 2b shows that the EQE spectra of the devices processed by using XY with the additives are slightly higher than that of the device processed by neat XY in the region of 500-700 nm, indicating that the increase of J sc is originated from both the donor and acceptor after adding the solvent additives, especially for 1% PN. The J sc values integrated from the EQE curves agree well with those from J-V measurements. The variations of the photovoltaic parameters of the devices processed by different processing solvents are summarized in Table 1 and Fig. 2c . As depicted in Fig. 2c , the dramatically increased FF is the main reason for the improved PCE of the devices. In addition, the great decrease of series resistance (R s ) and the increase of shunt resistance (R sh ) as shown in Fig. S1 clearly demonstrate that halogen-free solvent mixture (XY/1% PN) is quite suitable for fabricating the high-performance fullerene-free OSCs based on the PBDB-T:IT-M blend system (see Fig. S1 and Table S1 ).
To further investigate the effect of additive solvents on the photovoltaic behaviors of the devices, the relationships between photocurrent density (J ph ) and effective voltage (V eff ) of the devices are plotted in Fig. 2d (J ph = J L −J D , where J L is the current density under illumination and J D is the current density in the dark. V eff = V o −V a , where V a is the applied voltage and V o is the voltage at which J ph is zero) [62] . The exciton dissociation probabilities (P diss ) were calculated to be 83.8%, 84.8%, 85.6%, and 87.3% for the PBDB-T:IT-M-based devices processed by XY, XY/1% ; (c) photovoltaic parameters (PCE, J sc , V oc , and FF) of PSCs processed using different solvent additives; (d) J ph versus V eff plots of the optimal devices processed using different solvent additives. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DPE, XY/1% NMP and XY/1% PN, respectively, indicating more efficient exciton dissociation and higher electrode charge collection efficiency in the XY/PN-processed devices, which all account for the highest J sc of the device. We further fabricated the inverted devices with a structure of ITO/ZnO/PBDB-T:IT-M/MoO 3 /Al using XY/1% PN solvent system, and the best PCE of 11.6% with an improved J sc of 17.1 mA cm −2 and a remarkably high FF of 0.721 was achieved (see Fig. S2 and Table S2 ). Notably, the PCE of 11.6% is among the top efficiencies of OSCs fabricated with halogen-free solvents. Moreover, the inverted devices processed by XY/DPE and XY/NMP were also fabricated, and the devices achieved PCEs of 9.79% and 10.7%, respectively, which were slight higher than that of conventional device (see Fig. S2 and Table S2 ). Note that the molecular weight of the polymer always has great impact on the device performance, when the M n of PBDB-T is decreased to 15 kDa, the corresponding device processed by XY/PN exhibits a lower PCE of 10.4% with a V oc of 0.950 V, a J sc of 15.1 mA cm −2 , and a FF of 0.726 (see Fig.  S3 and Table S3 ).
Charge mobilities
We also measured the carrier mobilities of the PBDB-T: IT-M blend films processed by XY, XY/1% (vol) DPE, XY/ 1% (vol) NMP and XY/1% (vol) PN using the spacecharge-limited current (SCLC) mode. The measurements were carried out by fabricating the hole-only devices with a structure of ITO/PEDOT:PSS/PBDB-T:IT-M/Au and the electron-only devices with a structure of ITO/ZnO/ PBDB-T:IT-M/Al. As shown in Fig. S4 and Table S1 , the hole and electron mobilities of the PBDB-T:IT-M blend film processed by XY, were found to be 2. ) and electron mobility (3.54 × 10
), respectively. The higher charge mobility and the more symmetric charge transport in the blend film processed by XY/1% (vol) PN could partially explain the improved J sc and FF for the XY/PN-processed devices. As shown in prior studies [63, 64] , the charge transport and collection in fullerene-free OSCs are largely determined by the morphology of the BHJ layer at various length scales.
Surface morphology
To understand the morphologies of the blend films cast from different halogen-free solvents, we employed atomic force microscopy (AFM) to detect the surface morphological characteristics. As shown in Fig. 3 , all these PBDB-T: IT-M-based blend films processed by different halogenfree solvents exhibit uniform surfaces, and the similar root-mean-square roughness values (R q ) of 1.3±0.1 nm are obtained. From all of the height images, small fiber-like aggregations can be observed. These fiber-like features of the blends are ascribed mainly to the PBDB-T, because this polymer has strong aggregation effect in solution and in the solid films, and the similar phenomenon was also observed in our previous reports [41, 53, 61] . As a result, understanding the performance difference among these blend films requires in-depth characterizations of molecular packing and bulk morphology.
Molecular packing and texture
To compare the molecular packing and texture of the PBDB-T:IT-M blend films processed with different halogen-free solvent systems, GIWAXS measurements were carried out [65, 66] . As shown in Fig. 4 , the blend films processed with XY, XY/DPE, XY/NMP and XY/PN show . . . . . . . . . . . . . . . . . . . . . . . . . . . . clear lamellar (100) and the π-π stacking (010) peaks. In addition, the blend films processed with XY show comparable out-of-plane (OOP) and in-plane (IP) populations (see Fig. S5 ), indicative of random and disordered packing. While in the blend films processed with XY/additives, the π-π stacking peaks in the OOP direction are more pronounced than those in the IP direction, which indicates these blend films exhibit preferential face-on orientation with respect to the substrates. Surprisingly, the XY/PN processed films exhibit significantly more ordered π-π stacking and many new scattering peaks. By analyzing the GIWAX patterns of the neat films processed at the same conditions (Fig. S6) , we found this new polymorph can be ascribed to the IT-M. As shown in the differential scanning calorimetry (DSC) thermograms (Fig. S7 ) of the blends processed with different solvents, no clear melting peak is observable up to 320°C of heating, which means all the blends represent highly amorphous features. Understanding of such a complex polymorph and the origin in polymer:small molecule blend requires detailed analysis and is thus outside the scope of the current study. For the blend films processed with XY/DPE, and XY/NMP, the relatively low intensity of both lamellar and π-π stacking reflections are observed. Therefore, with PN present, the SMA in the blend films processed from XY becomes relatively more ordered. This can be verified by the UV-vis absorption spectra (Fig. 1d ) of PBDB-T:IT-M blend films processed from XY, XY/DPE, XY/NMP and XY/PN. As shown in Fig. 1d , the shoulder peak around 700 nm should be attributed to the aggregations of the fullerene-free acceptor because the absorption edge (λ edge ) of the PBDB-T film is 690 nm, and the absorption intensity of blend film processed from XY/PN of the shoulder peak centered at 700 nm is much stronger than the blend films processed from XY, XY/DPE, and XY/NMP, which implies that the fullerene-free acceptor IT-M exhibits enhanced aggregation in the XY/PN processed blend films.
Mesoscale morphology
Furthermore, R-SoXS was employed to study the mesoscale morphology of the PBDB-T:IT-M blends films cast from various halogen-free solvents. Following our previous studies [41] , a soft X-ray energy of 283.8 eV was also selected here. Fig. 5a shows the Lorentz-corrected R-SoXS profiles of blend films cast from various halogen-free solvents. All the R-SoXS profiles are dominated by single lognormal distribution and thus yield relative comparisons of long periods (center-to-center domain spacings) and average domain purity, which is approximately the root square of integrated scattering intensity (ISI) of the entire Lorentz-corrected profile over the length scale probed. The assumptions and justification of this methodology are discussed at length in the appendix of Supplementary information. The blend films processed from ) observed. As mentioned earlier, ISI is a good indicator of average domain purity of blend systems. The relative ISI was plotted against the solvent system. We further plot device FF of the OSCs versus the relative ISI (here we assigned a value of 1 to the highest ISI) in Fig. S8 , and the FF was found to have a strong monotonic correlation with the relative ISI. Generally, a higher ISI leads to more suppressed bimolecular recombination and thus promotes the device FFs. Clearly, the XY/PN processed films show the highest average domain purity, which is very consistent with the highest FF achieved [65, 66] .
Material:additive interactions
In order to understand the differences in performance and morphology, interactions between IT-M and these solvent additives are estimated based on group additive methods [67] . The results are listed in Table S4 , respectively. As a result, PN is a more favorable solvent additive for IT-M compared with DPE and NMP. Due to the high boiling point of PN and high miscibility of PN:IT-M, XY/PN processing provides more time and solubility for IT-M to achieve highly ordered packing and high phase purity. These results suggest the evaluation of material:additive interactions can be potentially applied to pre-screen halogen-free solvent additives. Ultimately, this method established here will be useful to minimize the laborious device optimizations of nonfullerene OSCs.
CONCLUSIONS
In summary, we applied a series of halogen-free solvent additives (DPE, NMP, PN) to process a high-performance fullerene-free blend PBDB-T:IT-M, and the corresponding device performance and morphology are found to be starkly different. Using a new halogen-free solvent combination (XY/PN), a PCE of 11.6% with a V oc of 0.942 V, a J sc of 17.1 mA cm −2 , and a FF of 0.721 was achieved in the inverted devices based on PBDB-T:IT-M blend film, which is the highest PCE among fullerene-free OSCs fabricated with halogen-free solvents. In addition, we identified the direct relationships between photovoltaic performance and morphology characteristics in these eco-friendly fullerene-free OSCs by using a combination of AFM, GI-WAXS, and R-SoXS. Lamellar and π-π packings are more ordered and average domain purity is the highest in blend films processed by XY/1% (vol) PN, compared to other solvents. These morphological features collectively result in a highest FF and PCE in the XY/PN-processed devices. Our study demonstrates that carefully selecting the nonhalogen solvent additive plays a vital role in realizing highly-efficient environmentally-friendly OSCs. More importantly, the halogen-free solvent:additive combination and screening methodologies reported in this study have the potential to guide the optimization of other nonfullerene OSCs. We believe the quest of eco-friendly solvents and highly soluble material systems in these solvents will ultimately lead to valued OSC products in the near future. 
